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We study extensions of the standard model with additional colored scalar fields which can couple 
directly to quarks. Natural suppression of flavor changing neutral currents implies minimal flavor 
violation, and fixes the scalars to transform as (8, 2)i/2 under the SU{?i) x SU{2) x U{1) gauge 
symmetry. We explore the phenomenology of the standard model with one additional (8, 2)i/2 
scalar, and discuss how this extension can modify flavor physics and the Higgs boson production 
rate at the LHC. Custodial SU{2) symmetry can be implemented for the octet scalars since they 
transform as a real color representation. Additional weak scale degrees of freedom needed for gauge 
unification are discussed. 



I. INTRODUCTION 

The minimal standard model for strong weak and elec- 
tromagnetic interactions has been extremely successful. 
However, the recent measurement of neutrino masses re- 
quires some modifications to the minimal theory, the sim- 
plest being the addition of nonrenormalizable dimension 
five operators which generate neutrino masses and mix- 
ings. The smallness of the neutrino masses, and the fact 
that in the minimal standard model the couplings almost 
unify 1] , suggests that unification of the strong weak and 
electromagnetic interactions occurs at some high scale, 
and neutrino mass terms are generated by the seesaw 
mechanism 

Most of the extensions of the standard model with 
new physics at the TeV scale have been motivated by 
the hierarchy puzzle, i.e., why is the weak scale so small 
compared with the Planck or unification scales. How- 
ever, the measured value of the cosmological constant 
suggests that a fine tuning that is qualitatively similar 
to that needed to achieve the smallness of the weak scale 
is needed for the cosmological constant. Perhaps we are 
not looking at this issue correctly. 

If one does not adopt the hierarchy puzzle as the crite- 
ria for motivating extensions of the standard model then 
one can take a more general point of view. Certainly the 
hypothesis that the scalar sector contains a single scalar 
doublet has not been tested experimentally. Adding ad- 
ditional scalars that can couple to the quarks typically 
results in unacceptably large flavor changing neutral cur- 
rents.^ Glashow and Weinberg p| studied extensions 
with many scalar doublets, and found that if one scalar 
coupled to the up type quarks and one scalar to the down 
type quarks, then large tree level flavor changing neutral 
currents are avoided. They noted that this can be en- 



^ We use the phrase "flavor changing neutral currents" even though 
scalars couple to quark bilinears that are scalars and not four 
vectors 



forced by discrete symmetries. 

In this paper, we study the most general scalar struc- 
ture of the standard model, which naturally maintains 
the smallness of flavor changing neutral currents. In 
the minimal standard model, the Yukawa interactions 
of the Higgs doublet with the quarks are the only in- 
teractions that violate the SU{3)u x SU{3)d x 5't/(3)Q 
flavor symmetry. Here SU{3)u acts on the right-handed 
up type quarks, SU(3)d on the right handed down type 
quarks, and SU(3)q on the left handed quark doublets. 
By studying the breaking of this flavor symmetry, we 
show in Sec. |n] that the smallness of flavor changing 
neutral currents implies the principle of minimal flavor 
violation (MFV) jj], and restricts the scalars that can 
Yukawa couple to the quarks to either: (1) have the 
same gauge quantum numbers as the Higgs doublet, or 
(2) transform under SU{3) x SU{2) x U{1) as (8,2)1/3. 
The phenomenology of the minimal standard model with 
an additional (8,2)1/2 scalar is studied in the remainder 
of this paper. This model contains additional sources of 
CP nonconservation beyond the standard model CKM 
phase. The new sources of CP nonconservation give rise 
to a contribution to the electric dipole moment of the 
neutron that can be near its present experimental limit. 
The phenomenology of color octet scalars (in the context 
of Pati-Salam unification) has been studied in Ref. . 

In a previous paper , we showed that the production 
rate for the Higgs particle at the LHC is very sensitive 
to new physics. In this paper we show that for a range 
of parameters, the color octet scalars we have added can 
have a significant impact on the rate for Higgs produc- 
tion through gluon fusion. Even though there are no fia- 
vor changing neutral currents from tree level color octet 
scalar exchange, the charged octet scalars induce flavor 
changing effects through loop graphs. These small devia- 
tions in the standard model predictions may be of interest 
in future high precision tests of the flavor structure of the 
standard model. 

There are two perspectives one can have on the model 
we are studying. One is to treat the scalars as fundamen- 
tal up to some very high scale. In this case, it is desirable 
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to have unification of the gauge couphngs. We show that 
if one adds three real scalars with SU{3) x SU{2) x U{1) 
quantum numbers (l,3)o then acceptable unification is 
achieved with a unification scale that is large enough to 
suppress proton decay. On the other hand it is possible 
that the scalars observed are only the low energy rem- 
nants of some more complicated dynamics for the scalar 
sector that becomes manifest at an energy scale much 
below the GUT or Planck scales. 

The next section outlines constraints on the SU{3) x 
SU{2) X U (1) quantum numbers of additional scalars that 
couple to quarks and naturally have no tree level fla- 
vor changing neutral currents. The explicit model we 
consider is given in Section 11111 Section IIVI discusses 
the effects of the octet scalars on precision electroweak 
physics, and on the Higgs production cross-section. Fla- 
vor physics and the electric dipole moment of the neutron 
are discussed in sections |V] and IVil In section IV ill the 
production cross section of the color octet scalars at the 
LHC is computed at leading order. Some possible decays 
of these states are briefly discussed. The impact of the 
new scalars on unification of the coupling constants is 
studied in Section fVIIII Concluding remarks are given in 
section Hxl 



II. FLAVOR CHANGING NEUTRAL 
CURRENTS AND MINIMAL FLAVOR 
VIOLATION 

We will consider a generalization of the standard 
model, where we include, in addition to the usual Higgs 
doublet H, all possible scalar representations which can 
couple to quarks. We require that the theory naturally 
have suppressed flavor changing neutral currents. This 
requirement, that flavor conservation by neutral currents 
"follows from the group structure and representation con- 
tent of the theory, and does not depend on the values 
taken by the parameters of the theory" was formulated 
by Glashow and Weinberg Q . We will see that it greatly 
limits the possible scalar content of the theory and al- 
lowed scalar couplings. 

The standard model quark Yukawa couplings are 

L = -gY.umQjH - g^jdmQjH^ + \i.c., (1) 

where i and j are flavor indices, and gauge indices have 
been omitted. The Yukawa couplings generate the mass 
matrices 

M^=4(i7), A/^=4(iJ)t, (2) 

for the charge 2/3 and —1/3 quarks when the Higgs field 
gets a vacuum expectation value {H) = v/y/2. If there 
are no tree-level flavor changing neutral currents in the 
Higgs sector, one requires that the Yukawa couplings for 
the neutral Higgs boson be diagonal in the basis where 
the quark mass terms are diagonal 0]. This is automat- 
ically satisfied by Eq. QJ, since the Yukawa couplings 



and mass matrices are proportional to each other. The 
standard model Lagrangian has an SU{3)u x SU{3)d x 
SU{3)q flavor symmetry under which the Yukawa cou- 
plings can be considered as sources which transform as 
^ (3c/, 3q), g^ ~ (3d,3q) so that Eq. (QJ preserves 
the flavor symmetry. The flavor symmetry is explicitly 
broken by setting g^'^ equal to fixed matrices. 

Now consider the most general set of scalars that can 
Yukawa couple to standard model quarks through either 
quark bilinears or quark-lepton bilinears. The possible 
scalar representations are (l,2)i/2, (8,2)i/2, (6,3)1/3, 
(6,1)4/3,1/3,-2/37 (3,3)_i/3, (3,1)2/3,-1/3,-4/3, and 
their complex conjugates, and there may be multiple 
scalars of each type. Natural neutral current flavor con- 
servation requires that the neutral scalars in all these 
multiplets automatically have diagonal Yukawa couplings 
in the basis in which the quark mass matrix is diagonal. 

The case of multiple Higgs doublets in the (1, 2)1/2 
representation was studied by Glashow and Weinberg |3] , 
and we summarize their argument here: One has a set 
of fields Ha and Yukawa matrices g^'^ , and the fermion 
mass matrices are 

= Y,gi:{Ha), = Y.9P {Hf,)\ (3) 

a p 

We require that 5^^^ be diagonal in the same basis where 
]\,fU,D g^j,g diagonal. A natural way this is possible is for 
there to be only one term in the sum for and only 
one term in the sum for , i.e. only one scalar doublet 
couples to the u-type quarks, and one scalar doublet cou- 
ples to the d-type quarks. The non-zero terms in Eq. (O 
can have a = f3, 01 a f3. This is the Glashow- Weinberg 
criterion for Higgs couplings 0. 

We now analyze the Glashow- Weinberg criterion in a 
group-theoretic way. We will see that it leads to a more 
general solution than the one in Ref . Q , and also implies 
the MFV principle The group-theoretic analysis then 
generalizes trivially to the case of colored scalars. 

g^ and transform as (3;7,3q) under the flavor 
symmetry, and g^ and transform as (3d,3q). We 
require that g^ are simultaneously diagonal in basis 
where is diagonal, i.e. that g^ and all break 
SU{3)u X SU{3)q to the same diagonal J7(l)^ subgroup. 
The only natural way^ this is possible is for there to be 
one independent symmetry breaking matrix trans- 
forming as (3(7, 3q), with g^ oc , cx Gu- Simi- 
larly, there is one symmetry breaking matrix G^ trans- 
forming as (3d,3q), with g^ oc G^, cx Go- In 
summary, all the flavor symmetry breaking terms must 
be proportional to the matrices G^'^ . This is sometimes 
referred to as MFV pl ; we see that it is a consequence of 
imposing natural flavor conservation of neutral currents. 
It allows for Eq. Q with several terms in each sum, pro- 



^ See Appendix^for some comments on naturalness. 
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vided all the Yukawa matrices are proportional to 
and 

In our case, one has Yukawa coupling matrices for all 
the allowed scalar representations which can couple to 
quarks. Natural neutral current flavor conservation re- 
quires that all these Yukawa couplings must be obtained 
from the basic invariants G^'^ , so that they are flavor 
diagonal in the basis where G^'^ (and hence M^'^) are 
flavor diagonal. This requirement eliminates most of the 
allowed scalar representations. For example = (6, 3)1/3 
couples to QiQj, and has a Yukawa coupling which trans- 
forms as 6q under flavor, since the symmetric product 
QiQj transforms as 6q under flavor. It is not possible 
to make a 6q from any product of G^ ^ (3c/,3q) and 
Gd ~ (3_d,3q). a simple way to see this is to look 
at triality under the diagonal S'[/(3) group. G^'^ have 
triality 0, and 6q has triality one. The only representa- 
tions which have Yukawa couplings to quarks with natu- 
ral flavor conservation are the (1, 2)1/2 ^^^d (8, 2)1/2, a-^d 
the allowed couplings automatically satisfy the MFV con- 
straint. The (8,2)1/2 Yukawa couplings have the same 
form as the (1, 2)1/2 couplings in Eq. Q except for the 
color structure and an overall normalization. 



L = -rju9ijURiT QjS 



diiiT^QjS'^^ +\i.c. 



(4) 



where r]u,D are (complex) constants. 

The above analysis does not readily generalize to lep- 
tons because of incomplete information on the neutrino 
sector of the theory. There are strong experimental 
constraints on flavor changing neutral currents in the 
charged lepton sector, from limits on processes such as 
_ftr — > /xe, fj. ej and jj, 3e, but no comparable limits 
on flavor changing neutral currents in the neutrino sector. 
It is also not known whether there are only light doublet 
neutrinos with Majorana masses, or whether there also 
exist light singlet neutrinos. The possible scalars which 
can couple to lepton bilinears (including possible singlet 
neutrinos) have the quantum numbers (1, 2)1/2, (lj3)i, 
and (1, 1)2,1,0- 

III. THE MODEL 

The quantum numbers of scalars that can couple to 
quarks, and hence influence precision flavor physics, are 
very constrained by the principle of MFV. From the point 
of view of LHC phenomenology, the case of additional 
color octets is particularly interesting because virtual 
color octets that couple to the standard model Higgs dou- 
blet through the scalar potential can have a significant 
impact on the rate for Higgs production through gluon 
fusion. Motivated by this we study a simple model that 
adds to the minimal standard model a (8,2)1/2 scalar 
multiplet 



(5) 



where A = 1, . . . , 8 is an adjoint color index. The usual 
(1, 2)1/2 Higgs doublet is denoted by H. 

The most general renormalizable scalar potential is, 



4 I 2 



2m|TrS'^^S', 
h.c. 



+X6T1 S^'S^S^^Sj + XrTiS^'SjS^^Si 
+XsTt S^'S^Ti S^^Sj + AgTr S^'SjTi S^^ S, 
+XioTi-SiSjTi-S^'S^^ + XnTr S.,SjS^^S^\ 



(6) 



We have explicitly displayed the SU{2) indices on the 
Higgs doublet and on the color octet scalars. Traces are 
over color indices and the notation, S = S^T^ is used. 
A3 has been made real by a phase rotation of the S fields. 
With this phase convention, the phases oirju^D, and A4,5 
represent additional sources of CP violation beyond those 
in the minimal standard model. 

The custodial SU{2) symmetry of the standard model 
can be extended to this theory, since S'^ is an SU{2) 
doublet and a real representation under color. One can 



construct'^ 



in analogy with the Higgs doublet 
which transform under custodial SU{2) as 



(7) 



(8) 



(9) 



This symmetry is left unbroken by the Higgs vacuum 
expectation value 



71 



(10) 



The potential Eq. © is custodial SU (2) symmetric if 



2A3 — A2, 
2A6 = 2A7 = All, 
Ag = Aio. 



(11) 



^ This construction would not be possible if the scalars trans- 
formed under a complex color representation since the different 
components of S would transform differently under color. 
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The Higgs vacuum expectation value causes a tree level 
mass splitting between the octet scalars. It is convenient 
to decompose the neutral complex octet scalars into two 
real scalars, 



(12) 



Then the tree level mass spectrum is, 



to|± 



2 ^ 

= m^ + Ai — , 



to|o — nig + (Ai + A2 + 2A3) ■ 



'5? 



m| + (Ai+A2-2A3)— . 



(13) 



The Yukawa couplings of the octet scalars to the 
quarks are given in Eq. In the quark mass eigen- 

state basis these Yukawa couplings are 

L = -V2?7c/Sj^,^rVi5^" + h.c. 



V 

'r]uu'J^T^V,,d'^S^+ + h.c. 



_y277z34^T^dl^^"^ + h.c. 

- V277i34^y,^.r^<5^- + h.c, (14) 

where V is the Cabibbo-Kobayashi-Maskawa matrix and 
are the eight color generators. Lower case Roman 
letters are used to denote mass eigenstate fields so, for 
example, is the up quark field and m\j is its mass. 

Which color octet state is the lightest depends on the 
parameters in the scalar potential. If a neutral state is 
the lightest, then the heavier charged ones can decay to 
it by emitting a charged W boson. Whether the W is 
real or virtual depends on the magnitude of the mass 
splitting. Similarly if the charged states are the lightest 
the two neutral states might be able to decay to them via 
emission of a charged W boson. The color octet scalars 
can also decay to quarks. The charged ones decay almost 
exclusively to i6 and the two neutral color octet scalars 
decay almost exclusively to tt. 



r(5+ ^ th) 
v{sl tt) 



IGtttoI, V V 



IGtt 



\Re'nu\ 



Ami 



2\ 3/2 



r(5y -> tt) 



I Im 7/(7 1 



Wit \ V J 



\lim]u\ 



2\ 1/2' 



|Re?7[/| 



Ami 



2\ 1/2 



Ami 



mt 



2\ 3/2' 



(15) 



IV. ELECTROWEAK AND HIGGS PHYSICS 

For weak scale physics, the colored scalars can be in- 
tegrated out and their effects are encoded in the coeffi- 
cients of non-renormalizable operators that are SU{?>) x 
SU{2) X U{1) invariant. We are most interested in the 
non-renormalizable operators that, when added to those 
in the minimal standard model, change the rates for the 
processes gg ^ h 77 and h Z7. These processes 
are accessible at the LHC, and since in the standard 
model they arise from one-loop matrix elements, they are 
sensitive to beyond the standard model physics. The to- 
tal width for Higgs decay is approximately independent 
of the contributions of the higher dimension operators 
we are considering since for a light Higgs the total width 
is dominated by the channels, /i — > 66, /i — *■ cc, /i ^ tt, 
h ZZ* , h WW* which arise in the standard model 
from tree level matrix elements. For a heavier Higgs the 
decay rate is dominated hy h ^ ZZ and h WW which 
also occur at tree level and hence are insensitive to the 
effects of virtual color octet scalars.^ 

Assuming CP conservation the correction to the La- 
grange density from the dimension six operators that 



contribute to a-{gg 
are 



h), T{h 77) and T{h ^ Zj) 



SC = - 



2A2 



-'-^^H^o^HB,.W^ 



(16) 



where gi, g2 and 173 are the weak hypercharge, SU(2) and 
strong SU{3) gauge couphngs, S'^" is the field strength 
tensor for the hypercharge gauge group, W""^" is the 
field strength tensor for the weak SU{2) gauge group and 
QAfiiy ^YiQ strong interaction field strength tensor. The 
first three terms in Eq. Hlt)|) are not constrained by pre- 
cision electroweak physics. If we replace the Higgs field 
by its vacuum expectation value then they just give a re- 
definition of the gauge couplings. However the last term 
contributes to the precision electroweak variable S ■ 

Integrating out the color octet scalars at one loop we 
find that, 

cg _ 3cw_ _ 3 cb 
A2 ~ 2 A2" ~ 2 A2 

A2 



(2A1+A2) 
647r2m| 



CWB 
= 



AS-K^ml 

cw + Cb — cwB 
A2 



Ai 



247r2r 



(17) 



* Throughout this paper we assume v^/m^ is significantly less 
than unity. The center of mass energy of the LHC is s = 14 TeV, 
which is larger than ms- Nevertheless, one can still integrate out 
S to compute its effect on Higgs production, because gg ^ h is 
governed by the parton center of mass energy s = m? . 
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The coefficient cwb is constrained by the experimental 
results on the precision electroweak parameter S. Ex- 
plicitly, 



1 A\ 



(18) 



The current experimental limit is S* = —0.13 ± 0.10. 
The constraint on S does not restrict the value of cg 
to be so small that it has a negligible impact on Higgs 
production at the LHC. For example, consider the case 
ms = 0.75 TeV, Ai = 4 and A2 = 1. Then we have 
that S ~ 0.006, CG = -0.03 (A/1 TeV)^ and c^^ = 
—0.03 (A/1 TeV)^. A value of cg this large causes almost 
a factor of two increase in the Higgs production rate at 
the LHC , while decreasing the 7f ^ 77 branching ra- 
tio by about 10%. At present, the standard model gluon 
fusion Higgs production cross section has been calculated 
to NNLO order and a soft gluon resummation has been 
done 1^ 0, 0] . The theoretical uncertainty from higher 
order QCD corrections is estimated to be around 10%. 
There are also additional sources of uncertainly in the 
theoretical prediction for the cross section, for example, 
from the uncertainty in the parton distributions and the 
top quark mass. An enhancement by a factor of two 
is well outside the uncertainties in the standard model 
Higgs production rate. 

The Higgs vacuum expectation value causes a tree level 
splitting between the charged and neutral S scalars. This 
gives a contribution to the rho parameter, 



(19) 



The change in the rho parameter induced by the color 
octet scalars is, 

Ap = 



167rsin^ 9wM^ 

i/(TO+, niR) + ^/(to+, mi) - ^f{mR, mj) 

(20) 

where m+ is the charged scalar mass, and mnj are the 
neutral scalar masses and dim = 8 is the dimension of 
the color representation of the scalars. The function / is, 

X 2,2 imfrr^ m\ 
/(mi, 7712) = 5 2^^ — 2- (21) 



m, — mS mS 



For TTii ~ nil 



f {nil, 7712) 



3mi 



(22) 



so that Eq. H20I) is approximately 

A ^ ( 

— T ^ 



m, — rrir,) m , — to, 



(23) 



where to^ ^ j is a typical scalar mass, and we have used 
dim = 8. Using the masses in Eq. (|13|l gives 



Ap 



967rsin^ OwM, 



sin^ 0wM, 



(24) 



Note that the scalar contribution to the rho parame- 
ter is related to their contribution to the precision elec- 
troweak parameter T by Ap — aAT. Suppose mg = 
0.75 TeV, A2 = 1 and A3 = 1. Then the color octet 
scalars contribute AT = —0.04 which is consistent with 
the experimental constraint, T = — 0.17± 0.12. 



V. FLAVOR PHYSICS 

Virtual charged octet scalar exchange gives rise to new 
contributions to rare weak processes. For example, one 
loop diagrams give an additional contribution to the ef- 
fective Hamiltonian for \ AS\ = 2 K'^ — mixing. This 
system has provided important constraints on extensions 
of the scalar sector that contain several (color singlet) 
Higgs doublets fTll| . Writing the new contribution to the 
effective Hamiltonian in the form, 

^^(|AS|=2) ^ C[V*iVtsf{dLl''sL){dL-i''sL) + h.C, (25) 

we find that at one loop (neglecting, for simplicity, terms 
suppressed by rn^/mg and m^/mg) the Wilson coeffi- 
cient C is 



C=\vu[' 



247r^u'*(TOj — rn^)m 



4(to2 - m^) 



4M^ln 



'w 



{ml 



2m^)ln 



11 



1 

1 - - 

4 



m^ln 



Mir 



IGn'^v^m'i; 18' 



(26) 



Here we used the Fierz identities 

1 



{dLYT^SL){dLT^rSL) 

o 

and 

{dLl''T^T''sL){dLT''T^-i''sL) 



{dLl^SLKdL^SL), (27) 



11 

18 



{dLl''sL){dLj''sL). 

(28) 

It is understood that in Eq. H26|) the Wilson coefficient is 
evaluated at a subtraction point of order Mw- We don't 
include renormalization group running between ms and 
M^Y but integrate out the color octet scalars, the top 
quark and the VF-bosons at once. Since we are consid- 
ering color octet scalars that are heavier than the Higgs 
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doublet vacuum expectation value v, and r]u is a free pa- 
rameter, it is evident that Eq. 1)26(1 can give an acceptably 
small contribution to K'^ — K'^ mixing. 

If 77£), is not small then the effects of virtual charged 
octet can be quite important for weak radiative B-meson 
decay. For small rju, the effective Hamiltonian gets the 
additional contribution 



Sn^f^ = C^[V*Vtb]embSL(T^,F^''bR + h.c. 



with Wilson coefficient 



a 



7 — VuVd 



187r2m| 



where 



M^) = 7 



1 / 1 + 2a:lna; - , 



(1 



— 1 — \nx 



(1 



(29) 



(30) 



(31) 



rju and rjo also enter the effective Hamiltonian for non- 
leptonic B decay via the gluon magnetic moment opera- 
tor 

Sn'^a) ^ Cg[V^*,Vtl;\g:imb-SL<T^..G'"'bR + h.c, (32) 



with Wilson coefficient 



-fg{ml/ml), (33) 



where 



1 + 2xlnx - 
{l~xf 



- 1 — Ina; 



(1 



(34) 



Since the charge —1/3 quarks all have masses much 
smaller than v, the value of \rj£)\ can be much larger 
than unity without the color octet scalars being strongly 
coupled to the quarks. The inclusive B Xg^ rate 
agrees with the standard model prediction to within the 
experimental and theoretical errors (about 10%). Using 
Eqs. (HHJ, (1201) and (|^ gives that the magnitude of the 
color octet scalar contribution to divided by the stan- 
dard model value is. 



The &-quark color electric dipole is given by computing 
the h ^ hg amplitude, rather than the the b sg am- 
plitude computed in Eqs. ((32|l . so the result is obtained 
by the replacement sl and Vj* V^l in Eq. lIH^ . 

with Eq. (|33|l remaining unchanged. Using Eg . 1331) at 
the scale Mw running down to low energies |l2. [lj| and 
computing the neutron matrix element of the three-gluon 
operator at low-energies using naive dimensional analy- 
sis 15] gives us an estimate for the neutron electric dipole 
moment. 

There are two versions of naive dimensional analy- 
sis which have been used 0: (a) gGf^i, is counted as 
order A^, or (b) G^i, is counted as order J-kA^. The 
two methods give the same result if one assumes that 
Q!s(/i ~ 1 GeV) ^ Att, otherwise, method (b) gives an 
estimate for the matrix element that is [as{fi)/{4T:)]^^^ 
times that of method (a). The renormalization group 
scaling of the operator to low energies also depends on 
as(/i). Assuming as{n ~ 1 GeV) ~ 1, method (b) gives 
the estimate 



d„ ~ 4Im [77^,7^] /g(m?/m|) (^) IQ-^^ 

\ ms J 



e-cm, 



(36) 

and assuming as{n ^ 1 GeV) ^ An, method (a) gives the 
estimate 



d„ ~ Im [7jW^] /,(m?/m|) ( ^] IQ-^'^ 



\ ms J 



e-cm. 



(37) 

For 7715 ^ 1 TeV, fg ~ 1.5. Note that the ratio of these 
two estimates is not l/(47r)'^/^ because of the anomalous 
dimension of Weinberg's CP- violating three-gluon oper- 
ator. Even for color octet scalars with masses larger than 
a TeV, the electron dipole moment of the neutron can be 
close to the experimental limit, d„ < 6.3 x 10~^^ e-cm. 



VII. COLOR OCTET PRODUCTION 



)/^^s.m.)| 



QM\r]uVD\f^{.m^t/ml[ 



/ITeVy 
\ ms J 



(35) 

Note that for ms ^ 1 TeV fj ^ 3. Since \r]D\ can be 
large even color octet scalars with masses well above a 
TeV, and hence unobservable at the LHC, can have a 
significant impact on weak radiative B meson decay. The 
phases of rju^n can contribute to GP violation in weak 
radiative B meson decay. 



VI. NEUTRON ELECTRIC DIPOLE MOMENT 

CP violation in the couplings of the octet scalars con- 
tributes to the neutron electric dipole moment. The dom- 
inant contribution is through the color electric dipole mo- 
ment of the &-quark which induces Weinberg's CP- 
violating three-gluon operator |l3j | when the 6-quark is 
integrated out. 



In addition to changing the standard model values of 
physical quantities through their virtual effects, the color 
octet scalars can be produced directly at the LHG. Their 
production is dominated by gluon fusion and the scalar 
production cross-section for either the charged or (two) 
neutral colored scalars is: 



da 
'dt 



2mlt 
1 ' ^ 



Cr- — 



Ga {u ~ ty 



2m|u 



(m| - ty 



(m| 



uy (m| — t)(mg — u) 



(38) 



Here Gr^a and dn^A are the quadratic Casimir and the 
dimension of the color representation for the final state 
scalars and for the adjoint representation, respectively. 
For octet scalars, Cr = Ga — 3, = (Ia — 8. For 
real scalars, there is an additional factor of 1/2. Eq. H38|) 
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FIG. 1: Production rate for color octet scalars at the LHC 
via gluon fusion as a function of the scalar mass. The rate 
shown is that for charged scalars. One needs to use half the 
above rate for each of the two neutral scalars. The rates were 
computed using the CTEQ5 distributions at LO (dashed blue) 
and NLO (solid red) . 



agrees with the squark production cross-section for 
Cr = 4/3, dfl = 3. 

The integrated cross-section is 




"a 



P (6Cfl(4m?. -I- s) -f CA(10m| - s)) 



4to| 



{CAr 



Cr(s 



2m2))ln- 



where 



4mo 
1 ^, 



(39) 



(40) 



is the velocity of the scalars in the center of mass frame. ^ 
In Fig. m we have plotted the charged scalar produc- 
tion rate as a function of the scalar mass. The hadronic 
cross-sections were computed using the CTEQ5 parton 
distributions 0, and as was evaluated at ^ = 2ms. 



As 13 ^ 0, the cross-section approaches 



"a 



-(4Cfl-CA)/3, 



(41) 



The neutral scalars and are real, and so each of 
them has a production rate half that of a charged scalar 
with the same mass. 

Observability of the color octet scalars depends on 
their decays. Consider, for example, the situation where 
the charged color octet scalars are heavier than the neu- 
tral ones and can decay to the neutral ones via W bo- 
son emission. Then the decay chains, 5+ 
W+ti W+W+W-bb, S+ tb ^ W+bb, and S" 
tt^ W+W-bb occur. 



VIII. UNIFICATION 

Simple unification scenarios for the standard model do 
not give the precise experimental value of sin^ 9w, and 
have a unification scale that is too small for an accept- 
able proton decay rate. In standard SU{5) unification of 
the minimal standard model, the one loop running gives 
sin^ Ow = 0.207 and Mq ^ 7x10^^ GeV using as{Mz) = 
0.1187. Since sin^ 9w is known more accurately than 
as{Mz), it is better to use sin^ 6w — 0.2312 as the input, 
and then predict a^iMz) = 0.07 and Mg = 1 x lO^^ GeV. 
Adding the (8, l)i/2 octet scalar changes the above val- 
ues to as{Mz) = 0.06 and Mg = 8 x 10" GeV. This 
gives a somewhat better value for Mq, but as{Mz) is 
about the same as in the standard model. 

Unification can be achieved by adding other scalars 
that do not couple to the quarks and leptons. Consider, 
for example, adding to the minimal standard model the 
(8,l)i/2 octet scalars and tit real (l,3)o scalars. Then 
for TiT = 3, asiMz) = 0.122 and Mg = 9 x IQi^GeV. 

The additional SU{2) triplets add the following terms 
to the most general renormalizable scalar potential, 

arjiarjibrrib 



g,kH^HT!l-T^ + ^i2, iH^a''H)T^. (42) 



which is positive, since CjidjiiACji — Ca) is always positive for 
non-singlet representations of any gauge group. 



where j = 1 — 3 labels the different triplets. We have 
suppressed the SU{2) indices on the Higgs doublet and 
on the color octet scalars. Brackets are sometimes used 
to indicate how the suppressed SU{2) indices are con- 
tracted. We assume that there is an approximate T 
—T symmetry that is broken by the very small dimen- 
sionful parameters and ^2 as well as the dimensionful 
parameter ^. For simplicity, we take the triplet scalars 
to be very heavy so that their production at the LHC is 
negligible. 

Since the parameters that break the T —T sym- 
metry are very small, the vacuum expectation value of 
the neutral component of these fields can be neglected. 
Nonetheless, the T — T symmetry breaking is needed 
for these scalars to decay. 

The above scenario gives acceptable coupling constant 
unification and proton decay, with only a modest ex- 
tension of the low-energy scalar sector of the standard 
model. 
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IX. CONCLUSIONS 

The scalar sector of the standard model may be more 
complicated than just a single Higgs doublet. We argued 
that natural suppression of flavor changing neutral cur- 
rents impHes that only scalars with SU (3) x SU{2) x U{1) 
quantum numbers of the Higgs doublet or (8,2)1/2 will 
couple to the quarks. Motivated by this we considered 
the phenomenology of a model where a (8,2)1/2 scalar 
is added to the minimal standard model. Even though 
this model has no flavor changing neutral currents at tree 
level, it does give corrections from loop graphs, that may 
be important for precision flavor physics. In particular 
there are new sources of CP violation which give rise to a 
contribution to the electric dipole monent of the neutron 
that can be near the present experimental limit. 

For a range of parameters, the modification of the stan- 



dard model we propose can have a significant impact (fac- 
tors of two) on the Higgs boson production rate at the 
LHC. The spectrum of the color octet scalars depend on 
parameters in the Higgs potential, and it influences the 
decay channels available to these scalars. For a range 
of parameters, the effects of these colored scalars would 
first be seen indirectly at the LHC via their influence on 
the Higgs production rate, rather than via direct colored 
scalar production. Finally we showed that unification of 
the gauge couplings occurs in our model if one also adds 
three real scalars with SU{3) x SU{2) x U{1) quantum 
numbers (1, 2)o. 

We thank M. Ramsey-Musolf for useful discussions on 
the electric dipole moment of the neutron. We also thank 
C. Anastasiou, M. Graesser, D. Hitlin, G. Isidori, and Z. 
Ligeti for comments. 
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APPENDIX A: NATURALNESS 

MFV leads to neutral current flavor conservation. The 
converse is not necessarily true. Neutral current flavor 
conservation implies that all the Yukawa matrices are 
diagonal in the same basis. MFV requires that they 
are all proportional (to or (?^), which is a stronger 
constraint. We have argued that the additional require- 
ment of naturalness implies the stronger constraint that 
all the Yukawa couplings are proportional to or g^ ^ 
and hence implies MFV. 

What is natural depends on assumptions about the un- 
derlying theory and how parameters are generated. We 
have assumed that symmetries are important, and that 
the underlying theory has a SU{i)u x S'[/(3)d x SU{2,)q 
flavor symmetry that is broken, and this breaking gener- 
ates Yukawa matrices. There are other scenarios which 
would lead to different conclusions. For definiteness, con- 
sider two Yukawa matrices A and B which transform like 
gu- They can be written as 

A = UAf^AVA, B^UbAbVb (A1) 

where Ua,b and Va.b are unitary, and Aa,b are real, 
non-negative and diagonal. It is possible that the under- 
lying theory generates Aa,b by some mechanism, and 
Ua,b,Va,b by a different mechanism which naturally 
gives Ua — Ub and Va — Vb- Then one would auto- 
matically have no tree-level flavor changing currents, but 
the MFV constraint would not be satisfied since A^ and 
Kb need not be proportional. 
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Note that a simple algebraic relation such as [A, B] = 
is not equivalent to the requirement that A and B are si- 
multaneously diagonalizable, since A and B are not her- 
mitian. Simple counterexamples for two flavors are 

which commute but are not simultaneously diagonaliz- 



able, and 

--(-r.s). -=(sr.) (A3) 

which are simultaneously diagonalizable but do not com- 
mute. 



